The influences of different fibers and F ions on the formation mechanism of hierarchical structure were investigated. This study was undertaken to better understand how fibers affect the growth of mullite whisker and how the fluoride influences the transition of new phases. In this work, three networks with different fibers and the same active powder were prepared to investigate the effect of fibers on the mullite nucleation. The scanning electron microscope, X-ray diffraction and thermal gravity analysis and differential scanning calorimetry were employed to investigate the morphology, phase and weight changes during the fabrication process. The results showed that mullite fibers did not only decrease the reaction temperature but also promote mullite whiskers to grow on the fiber surface preferentially. Moreover, it was also certified that topaz was not the necessary intermediate to form mullite whisker. The investigation of AlF 3 illustrated it departed at about 600°C largely lower than the evaporation temperature of AlF 3 to react with Al and Si.
Introduction
Mullite is the main aluminosilicates phase in the Al 2 O 3 SiO 2 binary system. The excellent mechanical properties make it a suitable material for application in where hightemperature mechanical and corrosion resistance properties are needed. 1) 3) Because of crystalline perfection, good refractoriness, high creep resistance, and excellent thermal stability, 4) mullite whiskers are attractive candidate for reinforcement of ceramic composites to enhance the mechanical and thermal properties as a second phase. 1) The fracture toughness and flexural strength of mullitewhisker-reinforced composites in the current study was found to be higher than those without whiskers, which would reduce the fatal crack of matrix composites due to the inherent brittleness.
2)
The common method for the reinforced matrix-ceramic composites is to embed the mullite whisker into the matrix by mixing them mechanically with the raw powders before sintering. However, a number of drawbacks, such as inhomogeneous whisker distribution, the formation of transient stress and whisker health hazards are associated with whisker toughening fabrication process. 5) To reduce these disadvantages that the mechanical mixing method produced, in situ formation of an interlocking microstructure in matrix ceramics is highly desirable which called "in situ-composites". 6) The presence of in situ interlocking microstructure is particularly crucial for fabricating high-quality porous mullite ceramics with improved toughness, which have a wide range of applications such as hot-gas filtration membranes and catalyst supports.
7)9)
Until now, numerous methods have been reported to fabricate mullite whiskers.
The mullite was synthesized from basic mechanoactivated compounds consisted of alumina (Al 2 O 3 ) and silica (SiO 2 ). 10) However, the formation temperature was usually extremely high (>1600°C). Adding F ions (either AlF 3 powder or at SiF 4 atmosphere) in this active system was a great step to lower the temperature of this reaction. Talmy et al. 11) synthesized stoichiometric mullite using uniform mixture of Al 2 O 3 , SiO 2 and AlF 3 in an anhydrous SiF 4 atmosphere at a temperature from about 1150°C to about 1700°C. Okada and Ōtuska 2) synthesized mullite whiskers with a high aspect ratio of 1025 by firing a mixture of xerogel and AlF 3 at good air-tight conditions from 1100 to 1600°C, whereas the aspect ratio decreased with increased firing temperature. Moyer and Hughes 12) described that the mixtures of alumina and silica reacted with SiF 4 at 600900°C to form topaz, which decomposed to form mullite and SiF 4 at above 1200°C. In these earlier studies, topaz as transient phase first formed in the reaction, then the topaz decomposed into mullite. Mullite needle were controlled by altering the topaz conversion and decomposition processing parameters (namely temperature and the partial pressure of SiF 4 ). 5) However, it had not been evidenced that all mullite whiskers were obtained from topaz decomposition when F ions participated in reactions. In Okada and Ōtuska's study, 2) the formation of mullite whiskers started at 900°C, when the content of AlF 3 was only 5 mol %. There was no topaz in the samples, even those fired as low as 900°C, where topaz should have been stable.
In our earlier studies, the porous fiber network with secondary structure (mullite whisker/mullite fiber network) has been prepared. This material performed with excellent compressive strength, 13), 14) great filtration efficiency of ultrafine particles, 15) and the improved catalyst property as the catalytic support. 16) The formation mechanism of mullite whiskers has been demonstrated in our earlier studies. However, there are some doubts have not been discussed in detailed. In the first place, why mullite whiskers preferred to grow on the surface of mullite fiber instead of staying in the pores constructed by inter-lapping mullite fibers? Moreover, when using AlF 3 as the additive in the aluminum-silica system, were all mullite whiskers obtained from topaz decomposition. This study was based on the fiber ceramic matrix to investigate the nucleation formation mechanism of mullite whiskers in the composite system and the transferring mechanism of the raw materials existing in the pores of fiber matrix, which would lay the foundation for the preparation and research of this type of materials in our later study.
Experimental

Raw materials and fabrication procedure
The short polycrystalline mullite fibers (Hongda Crystal Fiber Co., Ltd., Zhejiang, China) were approximately 5 10¯m in diameter and 50 to 60 in aspect ratio. Alumina fibers (Zhejiang Osman Crystal Fiber Co., Ltd., Zhejiang, China) were with an average diameter of 3¯m. Silica fibers (Feilihua Quartz Glass Co., Ltd., Jingzhou, China) were with an average diameter of 10¯m. The aluminum fluoride powder (AlF 3 , analytically pure) and silica powder (SiO 2 , analytically pure) were ball-milled with ethanol as medium (500 r/min, 5 h) in a planetary ball milling machine to produce the active powder in which the Al/Si molar ratio was 3:1.
The fabrication process of the fibrous ceramics was illustrated in Fig. 1 . First, the active powder (7 g) was added into distilled water (35 ml) by stirring for 10 min to mix uniformly. Then 9 ml poly diallyldimethylammonium chloride (used as cationic polyelectrolyte, Aladdin, China, 15 mg/ml) and 6 ml polyacrylamide (used as anionic polyelectrolyte, Jiangtian Chemical Co., Tianjin, China, 7.5 mg/ml) were added to form the dual polyelectrolyte retention system to increase the binding force between the active powder and the mullite fibers as we discussed in our earlier study.
16) The fibers (10 g) were dispersed in the uniform powder slurry by stirring for 10 min, and then poured into a Buchner funnel and filtrated by a vacuum pump. To investigate the influence of mullite fibers on the formation of mullite whiskers, the active powder (AlF 3 :SiO 2 = 3:1) was pressed into 15-mm-diameter green compacts at a pressure of 50 kN, with the pressure being held for 15 s. Finally, the network and ceramic bodies prepared by active powder were calcinated at 700, 800 and 1200°C for 2 h with a heating rate of 5°C/min under the airtight condition.
Characterization
To study the thermodynamics of active powders, differential scanning calorimetry (DSC) and thermal gravity analysis (TG) (NETZSCH STA 449F3) were performed in air atmosphere. The temperature range was 01200°C and the heating rate was 10°C/min. The microstructure of the ceramic matrix was observed by scanning electron microscopy (SEM, Nanosem 430 from FEI) and the element type and content were analyzed by Energy disperse spectroscopy (EDS, attached to SEM). X-ray diffraction method (XRD, Rigaku D/Max 2500v/PC) was applied for detecting the phase composition.
Results and discussion
The nucleation and growth of mullite whiskers
As we all know, the formation of crystals includes homogeneous nucleation and heterogeneous nucleation. The seed crystal can contribute the nucleation and growth of whiskers by reducing the nucleation energy in the process of heterogeneous nucleation. In the study of Hong et al., 17) the textured microstructure development can be promoted in the systems used oriented seed particles as templates for the grain growth. In order to evaluate the influence of mullite substrate (heterogeneous nucleation) on the formation of mullite whiskers, the phase and microstructure of the active powder pellet (AlF 3 :SiO 2 = 3:1) (molar ratio) and green network were analyzed after sintered at different temperatures (700, 800 and 1200°C, respectively).
As shown in Fig. 2(A1) , the active powder pellet transformed into topaz partly and still some AlF 3 existed, while in the green matrix there were many mullite seed crystal covered on the surface of mullite fibers [ Fig. 2(B1) ]. The Fig. 3 showed the XRD patterns of active powder pellet [ Fig. 3(a) ] and the green matrix composed of active powder and mullite fibers [ Fig. 3(b) ]. Obliviously, there were two phases (AlF 3 and topaz) for the active powder and just mullite in the green matrix after sintered at 700°C, it consisted with the results showed in Figs. 2(A1) and 2(B1).
With the increasing of sintering temperature, the active powder turned into topaz rod and flaky corundum at 800 and 1200°C, respectively. Corresponding, Fig. 3(a) illustrated that the components of active powders was topaz when sintered at 800°C and corundum at 1200°C.While in the green matrix, the mullite seed grew into mullite whiskers at 800°C and mullite whiskers with some flaky corundum at 1200°C accompanied by an increase of aspect ratio of mullite whiskers. As was shown in Fig. 3(b) , the phase of the green matrix was mullite when sintered at 800°C and were mullite and corundum when sintered at 1200°C. What's more, in the fiber network, the newly formed substance tended to stay on the surface of mullite fibers instead of staying in the pores formed by interlapping mullite fibers.
Crossing the equilibrium between topaz and mullite was associated with the formation of a transitional vapor phase and the temperature/pressure dual function. Mullite whiskers can not only be obtained from the decomposition of topaz, but also acquired through the vapor-phase Journal of the Ceramic Society of Japan 126 [7] 529-535 2018 JCS-Japan reaction in lower temperature which was instability for the topaz. The formation of topaz for active powder was at 800°C, while the mullite seed was formed at 700°C in the fiber network and grew into mullite whiskers at 800°C. Herein, the formation of topaz was not the necessary step to obtain the mullite whisker.
The thermodynamics of the active powder pellet and green network were characterized by TG-differential DSC as shown in Fig. 3 .
According to the DSC curves [ Fig. 3(a) ], the reaction process of active powder contained two main stages. First, as was shown in Fig. 4(a) , a large weight loss appeared from 646 to 804°C and there was a large endothermic peak at 763°C. According to Figs. 2(A1) and 2(A2), there were AlF 3 and topaz when sintered at 700°C. Furthermore, with the sintering temperature increased to 800°C, there was only topaz. The XRD patterns [ Fig. 3(a) ] also verified the phases were AlF 3 and topaz when sintered at 700°C and the phase was topaz when sintered at 800°C. Therefore, the AlF 3 transformed to topaz between 700 and 800°C as was shown by Eq. (1). Second, from 804 to 1013°C, another large endothermic peak appeared at 1008°C, combining with Figs. 2(A2) and 2(A3) and XRD patterns [ Fig. 3(a) ], there was only corundum in the system, illustrating a transformation from topaz to corundum with a certain weight lossas shown by Eq. (2), which was consistent with Miao's results.
18) The molar ratio of AlF 3 and SiO 2 was 3:1 and there will be a loss of Si due to the escaping of SiF 4 ; therefore, the redundant active powder pellet reacted with oxygen to form corundum [Eq. (3)].
Compared with Fig. 4(a) , the TG-DSC curve of mixture of mullite fibers and active powders [ Fig. 4(b) ] also revealed that two chemical reaction or phase formation would happen. From 606 to 737°C, the weight loss and broadened endothermic peak at 740°C, combining with the micrographs [ Fig. 2(B1) ] and XRD patterns [ Fig. 3(b) ], the mullite seeds have already formed at 700°C and grew into mullite whiskers at 800°C at which the topaz existed stably. It was different from active powder, the mullite formed at lower temperature without the formation of topaz. From 737 to 942°C, the mass loss and small endothermic peak would correspond to the producing of SiF 4 (lead to weight loss), growth of mullite whiskers and formation of flaky corundum [Eqs. (4)(7)]. The mullite seed [Figs. 2(B1) and 3(b)] grew into mullite whiskers at 800°C at which the topaz existed stably. It was different from active powder, the mullite formed at lower temperature without the formation of topaz. Moyer founded that the AlF 3 and SiO 2 formed topaz at above 600°C. With the temperature increased to 1300°C, the topaz transformed into mullite whiskers with the SiF 4 releasing.
12) The dominant mechanism for the transformation involved decomposition of topaz into a transient vapor phase. The vapor will escape during the breakdown of the topaz and the mullite crystal was mostly inward from nuclei on the topaz. The extent of conversion of transitional topaz to mullite can be determined by monitoring the SiF 4 gas flowing out of the reactor. The ratio of Al/Si was 2 for topaz, and 3 for mullite. Thus the release of Si from topaz was necessary for the transformation from topaz to mullite with the giving off of SiF 4 . Day et al. 19) showed that when natural topaz decomposed into mullite and small amounts of cristobalite, SiF 4 were volatilized. Pyzik et al. 8) , 20) have demonstrated that the microstructure of mullite whiskers can be controlled by the introduction of silicon tetrafluoride, suggesting that the presence of SiF 4 was effective for the formation of mullite whiskers. Our results were consistent with the reports mentioned above for active powder. However, the addition of mullite fiber made the mullite seed formed on the surface of the fibers and then grew into mullite whiskers without the formation of topaz, which indicated the formation of topaz was not the necessary condition to form mullite whiskers. What's more, the results further showed that the presence of mullite fiber significantly reduces the formation temperature of the mullite whiskers and the mullite whiskers were nucleated and grown on the surface of the fibers. 6AlOF þ 2SiF 4 þ 3:
The influence of chemical composition of fibers on the formation of mullite whiskers
The formation of crystals includes crystal nucleation and growth. The results of the present work showed that the vapor-phase reaction was strongly influenced by the mullite fibers, which decreased the formation temperature of mullite whisker. To investigate the influence of fiber templates, three green networks with different fibers (phases were measured by XRD shown in Fig. 4) were fabricated to assess the role of nucleation in this mechanism.
As shown in Fig. 5(a) , the mullite fiber and alumina fiber were polycrystalline. However, the silicon dioxide fiber was amorphous. These three different fibers were mixed with the same active powder (AlF 3 SiO 2 ) and the green networks were sintered at 1200°C for 2 h in the condition of seal. The phase analysis and microstructures of these three different samples were shown in Figs. 5(b) and 6, respectively.
As shown in Fig. 6(A) , mullite whiskers grew on the surface of mullite fiber uniformly mixing with uneven flaky corundum structure. Silicon dioxide fibers were covered by some rodlike structures which presumed to be mullite whiskers. However, in the network of alumina fibers, the presence of fluorine corroded the alumina fibers and promoted the crystallization of alumina fibers to form flaky corundum. The results indicated that the mullite whiskers only grew on the surface of mullite fibers.
The reason was that AlOF and SiF 4 generated from active powder and transferred to the fibers to reacted as Eq. (6) and crystallized by the inducing of mullite seed on the mullite fibers. For silica fibers, during the reaction, the fiber surface was etched to generate SiF 4 , but the surface did not play a role of inducing the crystallization of mullite whiskers. Therefore, there were few rodlike mullite whisker formed on the fiber surface. Specially, in the alumina fiber network, the small amount of silica in the fiber was etched. The crystallizing and growth of flaky corundum of the fiber were promoted by AlOF and SiF 4 .
3.3 AlF 3 reaction mechanism and its influence on the growth of mullite whiskers AlF 3 was an important mineralizer to decrease the activation energy for the formation of alpha alumina phase 21) and mullite whiskers. 22) Ismail et al. 1) had reported that in the mixing boehmite and silica sols, the fluorine ions can decrease the mullite formation temperature. The key vapor components in the reaction included SiF 4 and AlOF. F ions can react with Si and Al atoms, subsequently made the reaction happen at lower temperature than without F ions. 22) However, the temperature that F anion reacting with Al and Si have never been testified. To investigate the tem- perature at which F ions begins to participate in the reaction, the thermodynamics of AlF 3 powder and active powder (AlF 3 :SiO 2 = 3:1) (molar ratio) were compared. Figure 7 presented the TG-DSC result of AlF 3 powder. The AlF 3 powder showed a single endothermic peak at 1175°C, associated with a weight loss of 68.20%. As shown in our experiment (Fig. 8) , all of the AlF 3 powder transformed into flaky corundum, which would induced 39.28% weight loss (AlF 3 ¼Al 2 O 3 ) . The excessive weight loss may be caused by the gas evaporation. Riello et al. 21) explained the effect of AlF 3 on the mineralization of ¡-Al 2 O 3 ; it demonstrated that the weight loss occurred at 650°C was related to the emission of adsorbed water in the AlF 3 structure without phase transition compared to the starting material. However, our earlier results [ Fig. 4(a) ] showed that F ions can react with Si and Al at 646°C to form topaz slightly diverging from the ones attained by Riello et al. It can be concluded that F ions can react at lower temperature instead of releasing from the system when the temperature reach to 1100°C.
Aiming to identify the temperature when F ions began to react with the Al and Si, AlF 3 powders were calcined at different temperature (600, 700, 800, 1000 and 1200°C, respectively) with a heating rate of 5°C/min for 2 h. What' more, the powder was put into the open quartz crucible to ensure a greater contact area with the oxygen during the sintering process. The EDS analysis showed the element changes (Fig. 8) . At room temperature, the AlF 3 powder existed as aluminum fluoride crystal with 60.74 at % F ions. At 600 and 700°C, AlF 3 phase presented with only 15.20 and 11.20 at % F ions in the powder, respectively. The thermomechanical analysis results indicated that although AlF 3 powder was stable up to 1010°C, the element analysis of AlF 3 particles showed that F ions started to depart at 600°C and the residual F ions released from the system completely until 1000°C. The results verified that the AlF 3 participated the vapor-gas reaction at 646°C [ Fig. 4(a) ] for active powder to form topaz and 606°C [ Fig. 4(b) ] for the green matrix to form mullite seed instead of above 1000°C (which proved to be the departure temperature of AlF 3 powder). When the temperature reached to 800°C, the corundum formed without any aluminum fluoride phase, which was in agreement with XRD analysis [ Fig. 9(b) ], and only 3.20 at % F ions existed in the system. By increasing the temperature to 1000°C, the corundum peaks became slightly intense [ Fig. 9(c) ]. Well-shaped idiomorphic hexahedral flaky corundum was formed with the residual F ions disappearing. Finally, flaky corundum became more intact, thinner and bigger at 1200°C. It is hard to identify possible intermediary gaseous compounds AlOF, these results strongly support the theory suggested by Yamai and Saito. 23 ) Fig. 7 . TG-DSC curve of the AlF 3 powder. Fig. 8 . SEM images and elemental analysis of AlF 3 calcinated at 600, 700, 800, 1000 and 1200°C, respectively.
These results showed that F ions accelerate the reaction process at lower temperature.
Conclusions
In this work, three networks with different fibers and the same active powder were prepared to investigate the effect of fibers on the mullite nucleation and F ions on the formation mechanism of hierarchical structure. The results showed that:
(1) In the fiber networks, newly formed crystal tended to stay on the mullite fiber surface instead of staying in the pores formed by inter-lapping fibers. Contrarily, there were few mullite whiskers on the silica fibers and instead of the growth of mullite whiskers on the alumica fiber, the fibers were etched to form flaky corundum.
(2) The mullite fibers can not only decrease the reaction temperature, but also promote the formation of mullite whiskers. The mullite fibers act as substrate for multiple nucleations and subsequently as templates for secondary structure overgrowth.
(3) The topaz formed at 800°C for active powder while the mullite seed was formed at 700°C and grew into mullite whiskers at 800°C for networks with active powder showed that the formation of topaz was not the necessary step to obtain the mullite whisker.
(4) The TG-DSC results showed that AlF 3 powder started to evaporate until 1010°C. However, the EDS results showed that F ions start to depart from 600°C which was in keeping with our earlier study that when the SiO 2 powder added into the system, the reaction temperature started at 646°C, which showed that F ions accelerate the reaction process at lower temperature.
